AM. A system for recording neural activity chronically and simultaneously from multiple cortical and subcortical regions in nonhuman primates. A major goal of neuroscience is to understand the functions of networks of neurons in cognition and behavior. Recent work has focused on implanting arrays of ϳ100 immovable electrodes or smaller numbers of individually adjustable electrodes, designed to target a few cortical areas. We have developed a recording system that allows the independent movement of hundreds of electrodes chronically implanted in several cortical and subcortical structures. We have tested this system in macaque monkeys, recording simultaneously from up to 127 electrodes in 14 brain regions for up to one year at a time. A key advantage of the system is that it can be used to sample different combinations of sites over prolonged periods, generating multiple snapshots of network activity from a single implant. Used in conjunction with microstimulation and injection methods, this versatile system represents a powerful tool for studying neural network activity in the primate brain.
electrophysiology; microstimulation; injection; cellular network MICROELECTRODE-BASED RECORDING techniques provide the most direct measure of electrical activity in the brains of behaving animals. Extracellular recordings of neural signals in the awake, behaving monkey, pioneered by Evarts (1968) , have shaped our understanding of how the primate brain operates as animals perceive the world, make decisions, and select appropriate actions to reach goals. Despite their remarkable contributions to neuroscience, these classic single-electrode recording methods fall short of the capability of measuring the activity of many neurons simultaneously. Solving this problem is critical, given the widely recognized need to analyze neural computations across distributed networks (Alexander et al. 1986; Cohen and Maunsell 2009; Pesaran et al. 2008) , including both cortical and subcortical nodes, the interactions among which are crucial to the function of the entire network (Contreras et al. 1996; Pennartz et al. 2009; Siapas et al. 2005; Sommer and Wurtz 2008) and to the pathophysiology of major neurological diseases (Graybiel and Rauch 2000; Hammond et al. 2007; Rivlin-Etzion et al. 2006) .
To increase the number of simultaneously recorded sites in the monkey brain, three approaches have been pursued. First, neuronal activity has been recorded simultaneously from multiple brain structures (Hernandez et al. 2008; Pasupathy and Miller 2005) or from multiple sites within a single structure (Baker et al. 1999; Courtemanche et al. 2003; Gray et al. 2007) in acute preparations. Second, chronically implanted arrays of immovable electrodes have increased rates of data acquisition by at least one order of magnitude over acute single-electrode techniques Nordhausen et al. 1996; Suner et al. 2005; Ward et al. 2009 ). The pioneering use of these arrays has led to new insights into the correlated activity of multiple neurons (Cohen and Maunsell 2009) , as well as to novel therapies centered on brain-machine interfaces for human patients Hochberg et al. 2006; Velliste et al. 2008) . Third, small numbers of chronically implanted adjustable-depth electrodes have been used to afford some control over the placement of electrodes postimplantation (Jackson and Fetz 2007; Sun et al. 2006; Swadlow et al. 2005) . Other techniques (deCharms et al. 1999; Ecker et al. 2010; Lei et al. 2004) , including those adapted from methods used in rodents (Jog et al. 2002; Johnson and Welsh 2003; Yamamoto and Wilson 2008) , have begun to be scaled up to record simultaneously from more than one structure in the monkey.
There remains, however, a key need to permit the independent movement of large numbers of electrodes implanted for prolonged periods of time in multiple brain structures. To address this need, we developed a system for recording simultaneously from hundreds of independently movable electrodes implanted in cortical and subcortical sites in the monkey. The main technological advances we made include designing novel screw-based microdrives to maximize the density of independently movable electrodes, pioneering the use of large craniotomies and appropriate chambers to maximize the number of targeted brain structures, and developing the detailed procedures required to optimize recordings from chronically implanted electrodes. Using this Chronic Independently Movable Electrode (ChIME) system, we recorded from up to 127 electrodes simultaneously in 14 brain regions with implants lasting up to a year. Like chronically implanted arrays, the ChIME system allows repeated sampling of the same sites from session to session, and, like acute methods, it enables the sampling of multiple sites along individual recording tracks, providing an opportunity to improve the unit isolation at each site by adjusting the depth of the electrode. The implant procedure is reversible, and individual monkeys can receive multiple implants in succession, with different configurations of microdrives, targeting the same or different brain regions. The ChIME system is straightforward to use and highly flexible; the number and locations of the microdrives can be completely reconfigured from implant to implant, and the microdrives can be used with many different types of electrodes and in combination with electrical stimulation, pharmacological injection, and optogenetic techniques. These are essential tools for determining the function of interconnected networks in the brain. The ChIME system thus represents a novel synthesis of numerous critical capabilities into a single, integrated platform suitable for studying the electrophysiology of the nonhuman primate brain, the definitive animal model for the human brain.
MATERIALS AND METHODS
To obtain neural recordings from chronically implanted electrodes, two implantation phases were required. In the first phase, the recording chamber was permanently secured to the monkey's skull and craniotomies were performed (see Surgical procedures). In the second phase, the electrodes were implanted using a grid and microdrives that could be removed, repositioned, and reused in the same animal (see Chronic implant procedure). Here we describe in detail all of the procedures needed to obtain neural recordings, in the order in which they were performed.
Surgical procedures. Procedures were performed under sterile conditions on anesthetized monkeys placed in a standard stereotaxic apparatus, in accordance with National Institutes of Health guidelines and as approved by the Massachusetts Institute of Technology's Committee on Animal Care. Before the chamber implant procedure, in a separate procedure, a mold of the skull was made (VP Mix; Henry Schein, Melville, NY) and subsequently used to create a plastic chamber (Delrin, DuPont, DE; Specialty Machining, Wayland, MA) . The curved bottom surface of the chamber was machined to fit the contours of the skull precisely. On the basis of preoperative MRIs of the monkey (T1 and T2 weighted structural images, 1.5-3.0 Tesla; Siemens, Munich, Germany) and in accordance with Rhesus monkey atlases, the chamber was positioned under stereotaxic guidance to facilitate recordings from target brain areas. The chamber was placed over a single hemisphere or over both hemispheres, spanning the midline. To minimize the risks of hemorrhage, damage to the dura mater, and brain swelling that might result from performing a large craniotomy in a single procedure, we performed multiple craniotomies in separate procedures, gradually enlarging the opening in the skull up to 40 mm ϫ 40 mm. We also avoided the use of isoflurane as an anesthetic, which can induce edema and increased intracranial pressure (Santra and Das 2009) .
During the initial procedure, one or two bone flaps, 10 mm ϫ 20 mm, were turned over the intended recording regions. Opening these windows in the bone allowed us to access selected brain regions (e.g., the frontal eye fields) for electrophysiological mapping, without having to perform the riskier large-scale craniotomy in a single procedure. The chamber was then secured to the skull with radioopaque bone cement (Palacos, Zimmer, OH), anchored by ceramic screws (Thomas Recording, Geissen, Germany) in the skull. Divots on the outside of the lower part of the chamber facilitated the adhesion of the bone cement. The chamber was designed so that the bottom of the removable grid into which the microdrives can be inserted would be ϳ10 mm above the highest point on the skull, leaving room for fluid to escape through the side ports, rather than rise above the grid. The placement of the chamber was confirmed postoperatively with a structural MRI. As a precaution against swelling, craniotomies were treated with a dilute solution of a steroidal anti-inflammatory (dexamethasone), applied directly within the chamber during the postoperative recovery period.
At least 1 mo after the chamber implant, the remaining bone covered by the chamber was removed in one or more procedures, depending on the animal and the experimental schedule. Ultimately, sufficient bone was removed to allow access to the entire volume of brain beneath the chamber, resulting in a single opening in the skull of up to 1600 mm 2 . Following recovery, additional physiological mapping was performed to reconfirm the 3D coordinates of the brain in relation to the grid. Additional minor surgical procedures were performed periodically to remove growing bone and to thin the dura mater and overlying granulation tissue.
Electrophysiological mapping. Initially, under the guidance of structural MRIs, the cortex and striatum of each monkey was mapped to determine the locations relative to the grid of known brain landmarks. In each mapping session, a 7-mm-thick rectangular plastic grid (area: 30 ϫ 30 mm 2 , 30 ϫ 40 mm 2 , 30 ϫ 50 mm 2 or 40 ϫ 40 mm 2 ; Specialty Machining; Fig. 1C ) was inserted into the recording chamber and secured in place with a screw in each corner. Depending on the size of the grid, its holes (0.025 mm in diameter, spaced 1 mm center to center) could provide access to the brain across an area of up to 1600 mm 2 . The holes in some grids were offset such that a 90°r otation would provide access to tracks that are shifted by 0.5 mm from those accessible in the original orientation. This design enabled sampling from nonoverlapping recording tracks when accessing the underlying brain through the same grid holes in successive chronic implants.
In each mapping session, up to 12 epoxy-insulated tungsten microelectrodes (1-2 MOhm at 1 kHz, 110 -130 mm long, 125-m shank, ϳ3-m diameter tip; Frederick Haer, Bowdoin, ME) glued to screw microdrives ( Fig. 1B) were acutely implanted in the brain, using sharp stainless steel guide tubes to penetrate the dura mater while protecting the tips of the electrodes. Neuronal responses were characterized by standard somatosensory, visual, and auditory tests and by manipulation of the limbs and electrical microstimulation (trains of 24 -64 250-s wide biphasic pulses, 333 Hz, 10 -150 A; Master-8; A.M.P.I., Jerusalem, Israel, and Bak Electronics, Mount Airy, MD). Several sessions were performed to map the somatotopic organization of the motor and oculomotor cortical areas, including primary motor cortex (M1; Strick and Preston 1982) , frontal eye fields (FEF, Funahashi et al. 1989; Sommer and Wurtz 2000) , supplementary motor area and presupplementary motor area (SMA and pSMA, Luppino et al. 1991; Matsuzaka et al. 1992; Mitz and Wise 1987) , and to confirm the depths of the caudate nucleus (CN), putamen (Put), and other subcortical targets, as needed. The dorsolateral prefrontal cortex (dlPFC) was defined as the area rostral to the FEF, surrounding the principal sulcus and corresponding to Brodmann Area 9/46.
Chronic implant preparation. Depending on the experiment and based on the MRIs and the results of electrophysiological mapping, the desired number and locations of electrodes were determined. Care was taken to avoid implanting electrodes too close to the midline, to prevent damage to the central sinus. The electrodes were loaded onto custom-made screw-based microdrives (Specialty Machining). Each microdrive consisted of one to three groups of three adjacent screws each (length, 0.825 in; 160 threads per inch, so that six 360°turns ϭ 0.9525 mm of vertical travel distance), spaced 1 mm apart, and supported by a plastic frame. A pair of stainless steel pins on the bottom of the microdrive frame fit into grid holes and was used to secure the microdrive to the grid inside the chamber rigidly. Unlike conventional screw-based microdrive designs (Nichols et al. 1998) , no additional pins were used above the surface of the grid to fix each microdrive in place. This novel design reduced the size of the footprint of the microdrive on the grid, thereby increasing the density of the recording tracks. The microdrive was designed so that the heads of the screws were flush with the top of the microdrive and could be turned with a flat-head screwdriver ( Fig. 1, A, B , and E). Each screw was threaded through a 5-mm-long plastic sled with a slot to which one or more electrodes could be glued. The screws rested on the bottom of the microdrive frame, so that turning a screw would cause the attached sled to move along the shaft of the screw. The sleds were arranged in groups of three such that the side of each sled was directly abutting either the plastic frame of the microdrive or another sled (Fig.  1A) . This arrangement prevented the sled from spinning around the screw rather than traveling up and down along the shaft when the screw was turned. Because the sleds on adjacent screws were controlled independently, it was possible to raise or lower an individual sled such that it would no longer be in contact with its neighbor. As this would preclude the possibility of making further adjustments to the depths of the attached electrodes, the relative positions of the sleds had to be monitored so that each sled maintained at least ϳ0.5 mm of overlap with its neighbors. The sleds guided the electrodes through the grid holes in a row immediately adjacent to the grid holes occupied by the microdrive itself. Each microdrive targeting three, six, or nine recording tracks occupied a total of 9, 16, or 23 grid holes, respectively, including the grid holes used for the electrodes.
Before the implant procedure, the grid was prepared in the following manner. First, the entire top and under side of the grid was covered in a general-purpose silicone sealant to prevent fluid from below the grid from contaminating the space above the grid. After curing, the silicone was cleared with a 23-gauge needle from the grid holes needed for the implant. Bare copper wire for carrying the ground was looped below the grid, and the free ends were fed through cleared grid holes and capped with pins to interface with the connectors. In some implants, the copper wire was soldered to a piece of flattened copper mesh, designed to rest over as large a portion of the granulation tissue as possible (without obstructing the path of the electrodes). The outer guide tubes (23-gauge, extra thin wall) of a pair of telescoping guide tubes (designed to protect each electrode) were then inserted into the holes cleared for electrode tracks. The length of each tube was prepared such that, if one end were flush with the top of the grid, the other end would not touch the surface of the granulation tissue above the dura mater. Because of the friction between the 23-gauge guide tubes and the grid holes with silicone residue, these guide tubes could not slip out of the holes. Distances from the top of the grid to the top of the tissue ranged from 22-30 mm, depending on the implant and location within the chamber. Implanted electrodes that did not record unit activity or 23-gauge stainless steel tubes resting on top of the tissue were used for reference. The tubes were connected to the preamplifiers via a small, insulated wire soldered to the top of the tube (above the surface of the grid; e.g., Fig. 1D , black, purple, yellow, red, and gray wires near the corners of the grid indicated by green arrows). Electrodes can be glued to the slotted plastic sled attached to each screw. When the screw is turned, the plastic sled moves along the screw shaft, guiding the attached electrode through a grid hole immediately adjacent to the row of grid holes covered by the drive itself, thereby maximizing the number of grid holes that can be targeted simultaneously in a single implant. B: 6-screw microdrive with a conventional tungsten microelectrode glued to the plastic sled on each screw. There is a connecting pin attached to the top of each electrode (see MATERIALS AND METHODS) . Note that the plastic of which the manipulator is made is translucent, allowing one to see the 2 screws imbedded in the top section of the manipulator to secure it to the body of the manipulator in the upper corners and the tops of the 3 pins embedded in the bottom of the manipulator that are used to secure the manipulator to the grid. C: exploded-view CAD drawing of chamber cap, microdrives (left to right, 9, 6, or 3 screws for driving electrodes), grid, connector strips, and chamber. Side ports in the chamber below the level of the grid provide access for cleaning and observation of the granulation tissue over the dura mater. A ridge along the top of the chamber prevents fluid from contaminating the microdrives and connector strips. The chamber cap has upper slots for ventilation and removable side panels for easy access to the connector strips. Inset: schematic of a 3-screw microdrive loaded with a single electrode. A beveled 27-gauge guide tube is used for punching through the dura mater and fits inside a shorter 23-gauge tube to minimize friction with the grid hole. D: top view of 117 electrodes in monkey H (implant 1). Insulating varnish used to isolate connecting pins is red (red arrows). Black, red, yellow, purple, and gray wires are the leads from tubes used for reference (green arrows). The silicon used to seal the grid holes and around the edges of the top of the grid is white. E: anterior view of an implant of 111 electrodes in monkey J. On the sides, 5 green preamplifiers are connected to the electrode leads via black connector strips (red arrows). White silicone covers the surface of the grid at the base of the microdrives to promote dryness above the grid. Reference wires, ground wires, and the exposed surfaces of pins are insulated with paint (green arrows indicate pin row locations). The depth of each electrode can be manipulated independently by turning the appropriate microdrive screw with a small flat-head screwdriver as shown.
The entire grid construct was bathed in 70% ethyl alcohol before the implant procedure for disinfecting.
The microdrives and electrodes were prepared in parallel with the grid. First, connector pins were crimped onto the ends of the electrodes [same as mapping electrodes or Parylene-coated tungsten or platinum/iridium (Pt/Ir), 125-m shank diameter, impedance Ͻ 1.5 M⍀; We Sense, Israel] and then glued (2-h epoxy, extra slow cure). Second, the impedance of each electrode was tested to confirm that it fell within an acceptable range (0.5-1.5 MOhms). Third, each electrode was glued to a slotted sled on one microdrive screw so that, upon implanting, the recording tip of the electrode would be at a desired depth below the grid. After the glue cured, securing the electrodes to the microdrive, a sharp-edged stainless steel guide tube (27-gauge, regular wall hypodermic disposable needle or custom-cut, beveled tubing) was slipped over the shank of each electrode and left covering the tip to protect it during the implant procedure. These 27-gauge guide tubes were cut to be a length that would span the predetermined distance from the top of the grid to the top of the brain and allow for some extra length to manipulate them during the implant procedure (typically 30 -40 mm total length). The guide tubes were filled with mineral oil to keep out blood and other fluids. The electrode leads of each loaded microdrive were grouped using labeled, folded paper slips, preventing the leads from tangling with those from the other microdrives during the implant procedure.
Chronic implant procedure. The implant procedure was performed under aseptic conditions, with the monkey under general anesthesia (ketamine, xylazine, and atropine) and the head fixed within a stereotaxic apparatus. After thoroughly cleaning and drying the chamber and the grid, we applied silicone sealant around the outer edge of the grid. The grid was inserted into the chamber and secured to it with four screws and washers in the corners. Then, working from the center of the implant outward, each microdrive was implanted in turn, as follows. First, the microdrive was carefully positioned above the target grid holes. The experimenter's (nondominant) hand held the main section of the microdrive to ensure that the 27-gauge guide tubes covering the electrodes did not slip off, while the other (dominant) hand used forceps to lower the tips of those guide tubes into the 23-gauge guide tubes that had been inserted into the grid before the implant procedure (during the preparation phase). Once all the sharp guide tubes for a given microdrive were properly situated with the ends inserted into the corresponding 23-gauge guide tubes, the microdrive was held perpendicular to the grid and the microdrives with electrodes attached and the 27-gauge guide tubes were slowly lowered in tandem. The tips of the 27-gauge guide tubes were just touching the surface of the tissue covering the brain (lowering was stopped once resistance was felt), and the electrode tips were still protected within the guide tubes. One by one, the 27-gauge tubes were then used to punch small holes through the dura mater by applying careful downward pressure using forceps or fine needle holders. Once holes in the dura mater over all the intended tracks for a given microdrive had been punched, the microdrive was lowered slightly further to test the smooth passage of the electrodes through the guide tubes and into the brain. If this succeeded, then the 27-gauge guide tubes were lifted somewhat so they would not remain in the brain but maintain contact with the overlying tissue. The microdrive was then slowly lowered into its final position with its bottom pins fitting into the grid holes, until the bottom of the microdrive frame became flush with the surface of the grid. Any fluid that came up through the guide tubes to the top of the grid as a result of the implantation process was removed using cotton swabs. During the electrode implantation, openings in the sides of the chamber were used to monitor visually the tissue beneath the grid for excessive compression, bleeding, or other complications, as well as to remove any excess fluid, to minimize the possibility of fluid traveling up the guide tubes.
After implantation of all the electrodes, a bead of silicone sealant was applied along the upper junction of the chamber and grid and the grid anchor screws were also covered with silicone. Any cleared holes in the grid not filled by implant components were also filled in. The pins from the ends of the electrode leads, references, and ground wires were then plugged into the appropriate spots along the connector strips. Efforts were made to minimize crisscrossing of the leads above the microdrives. Finally, all the wires were carefully bent with forceps to accommodate the connectors fastened to the edges of the chamber, and a thick coat of varnish was applied to protect and insulate them (completed implant, Fig. 1D ). Plastic spacers (Fig. 1 , C-E) were used in between the connectors to adjust their heights as needed to accommodate the preamplifiers. The location of holes used to screw the connectors to the chamber and the dimensions of the plastic spacers could easily be adjusted to accommodate different sizes or configurations of preamplifiers. Postimplant monitoring for infection and other complications was performed as part of the daily recording sessions and maintenance (see next section).
Recording sessions and implant maintenance. During the first few weeks of a chronic implant, electrodes were slowly lowered to their initial recording positions in the brain, the earliest points at which unit activity could be detected in the target structures. Once a sufficiently large fraction of electrodes had reached their targets, recordings commenced in daily sessions. Either at the start of recording sessions or in between them (on nonrecording days), a subset of electrodes was advanced carefully in ϳ20-m steps, to improve the quality of units or to isolate new ones. On any given day, no more than 1/3 of the total electrodes in the implant were moved, and an effort was made not to move adjacent electrodes, to promote the stability of recorded signals.
Large slots in the lower portion of the chamber (Fig. 1C ) provided access to the underside of the grid for daily cleaning and observation of the surface of the granulation tissue, which grew with time to cover the dura mater. This granulation tissue effectively sealed the brain from the underside of the grid and chamber. At the start of each session, the chamber beneath the grid was flushed thoroughly with sterile saline via these side ports. Depending on the monkey and the chronic implant, this was followed by diluted (20:1) Novalsan Solution (chlorhexidine diacetate 2%) or Betadine Solution (povidoneiodine 10%) 2-5 times per week. Possible infections, as indicated by the type and amount of discharge, were treated with diluted antibiotic applied inside the chamber. Systemic administration of antibiotics was rarely used. Topical antibiotic ointment was occasionally applied along the margins of the chamber. With these precautions, the chambers could be maintained for up to five years (Chamber lifetime, Table 1 ).
The chamber beneath the grid was filled with saline for the duration of the recording session. Before some sessions, the saline was mixed with viscous methyl cellulose to reduce noise resulting from the motion of the saline. When necessary, application of petroleum jelly or silicon grease to the electrode leads between the tops of the microdrives and the connectors effectively dampened mechanical vibrations of the electrodes. Additionally, silicon grease was occasionally used to fill the space between the electrodes and guide tubes, sealing the tops of the tubes, while permitting the free movement of the electrodes.
Over the course of the implant, the space above the grid was kept as dry and clean as possible to preserve the quality of recorded signals and the ability to manipulate the depths of electrodes with the microdrives. In addition to sealing the grid with silicone during the implant procedure (see above), the side slots in the chamber beneath the grid could be left partially open, indefinitely, to prevent potential fluid buildup. Further protection from fluid above the grid was provided by a raised ridge around the top of the inner surface of the chamber (surrounding the grid) that served as a dam.
In between experimental sessions, the chamber was covered with either a raised cap, while electrodes were implanted in the brain, or a flat cap, otherwise (Fig. 1C, top) . The side panels on the raised cap could be removed to connect preamplifiers to the connector strips without having to remove the main portion of the cap, protecting the electrode leads. Ventilation slots along the nonremovable ends of the raised cap helped to keep the space above the grid cool and dry.
Neuronal signals were amplified and filtered [600 -6,000 Hz for spikes, and 1-475 Hz for local field potentials (LFPs)] by the Cheetah system (Neuralynx, Bozeman, MT). Spike waveforms (32-kHz sampling rate) and LFP signals (2 kHz) were continuously collected during daily recording sessions. The Cheetah system was configured to accommodate up to 128 single electrodes along with eight analog input channels (for behavioral data). At the start of each recording session, custom software was used to configure each electrode channel to record either spike or LFP data. Spike and LFP signals could be recorded simultaneously from up to 32 electrodes. Each neural (spike or LFP) data channel was stored to a separate file for offline analysis.
In some implants, the impedance of the electrodes was measured periodically, and those with high impedance (Ͼ2 MOhm) were stimulated (100 -200-ms trains of biphasic pulses at 1 kHz, Ͻ20 A, Master-8; A.M.P.I. and Bak Electronics). Stimulation was repeated up to five times or until the impedance fell below 2 MOhm. Poststimulation impedance values were measured and recorded.
Electrical stimulation experiments. Stimulation experiments were conducted with a chronic implant of 48 independently movable electrodes targeting the anterior cingulate cortex (ACC), cingulate motor area (CMA), CN, and dlPFC. In each trial a single bipolar, biphasic pulse (current amplitude: 200 A, cathodal-anodal pulse duration: 400 s) was delivered between two of the Pt/Ir electrodes chronically implanted in the ACC (4 mm apart). The responses of single units in the ACC and CMA were analyzed by binning the spike counts of each unit in a 20-ms window surrounding the stimulus delivery. The analysis was repeated for two bin sizes (0.1 ms and 1 ms). Bins with spike counts beyond the 99% confidence limits were defined as statistically significant. Those units exhibiting significant responses irrespective of bin size were considered to be modulated significantly by the electrical stimulation.
Stimulation experiments in the dlPFC were performed with a chronic implant of 24 independently movable tungsten electrodes (12 each in dlPFC and CN). Four of the dlPFC electrodes (2 each in areas 9L and 46) were used for delivering electrical stimuli. In each of 40 trials, spaced 5 s apart, a single monopolar, biphasic pulse (current amplitude: 20 A, cathodal-anodal pulse duration: 300 s) was delivered. LFPs were recorded from eight electrodes in the CN (2 mm apart in a 4 ϫ 4 configuration). LFPs were low-pass filtered at 20 Hz, and stimulation-triggered waveform averages were computed on 400 ms of LFP data centered on the onset of stimulation. Significant modulation of waveform averages was detected by comparing the poststimulation activity to the 95% confidence limits estimated from the prestimulation activity.
Pharmacological microinjection experiments. A microelectrode nested within a steel cannula was used to record electrophysiological activity during local drug infusion. The cannula was connected via polyethylene tubing to a tabletop pump (Harvard Apparatus, Cambridge, MA). Drugs were delivered at a rate of 100 nl/min for 2 min. Periods of significant changes in firing rate were detected using a sliding bin average, as follows. Spike counts were aggregated into 10-s bins, and the bin values underwent three-point smoothing. Baseline activity was defined as the mean spike count over the 5 min immediately preceding drug infusion. The onset of a significant change in firing rate was defined as the first of 10 consecutive bins with values at least 2 SD from the baseline. Response offset was defined as the first of 10 consecutive bins with values within 2 SD of the baseline.
Implant removal. At the end of a chronic implant, the electrodes were slowly raised to their initial depths, over a few daily sessions. With the alert monkey head-fixed, the implant was then removed in a single procedure. First, the electrode leads above the microdrives and reference and ground wires were cut, and the connector strips were unscrewed from the chamber. Each microdrive was then removed by first ensuring that the electrodes had been retracted as far as possible, using forceps to raise guide tubes and then gently using force perpendicular to the grid, to extract the manipulator. Once all the manipulators had been removed in this manner, the silicone sealing the grid was stripped away and the grid was removed by unscrewing the corner screws. The chamber was then thoroughly rinsed with sterile saline. The monkey was allowed to recover for at least a few weeks before the next implant. The grid, microdrives, and most 23-gauge guide tubes that could be recovered for use in subsequent implants were cleaned with ethanol, bleach, acetone, and occasionally sonication. If needed, before the next implant, a small drop of oil was added to each of the plastic sleds that travel along the microdrive screws, to ensure free movement of the sled and minimal wear and tear on the plastic.
Histology. After experiments were completed, the monkey was perfused intracardially with fixative (0.9% NaCl followed by 4% paraformaldehyde in 0.1 M Na 2ϩ /K Ϫ PO 4 buffer, pH 7.4). Whenever possible, this was done before removing the final chronic implant. In some cases, electrolytic lesions (10 A DC for 10 s, Ͻ15 sites) were made to mark locations in the brain relative to the grid. Conventional Nissl staining (60-m-thick slices) was performed to visualize electrode tracks. The slices were analyzed to reconstruct the location of each electrode in each recording session. Tracks from earlier chronic implants were reconstructed on the assumption that the distance from the grid to the surface of the brain was constant across implants. In some monkeys, anatomical tracing software and 3D reconstruction (Neurolucida; MicroBrightField, Williston, VT) was used.
Data analysis. Single units were isolated, and individual waveforms were aligned on their peaks using an offline sorter (Plexon, Dallas, TX). As a measure of cluster quality, the signal-to-noise ratio (SNR) of sorted units was calculated as the amplitude of the mean waveform divided by twice the standard deviation of the noise (Suner (Jackson and Fetz 2007) . First, the mean and variance were taken for all samples in the unit waveform, regardless of time point. This mean was then subtracted from each waveform, and all resulting waveforms were normalized (divided) by the variance. The correlation was then calculated using the average resulting waveforms after mean subtraction and variance normalization. Cor- Center: top-down view of macaque brain showing configuration of electrodes implanted in 1 hemisphere of each of 2 chronic implants (left, monkey H, implant 3; right, monkey G, implant 1; both monkeys were implanted bilaterally, but for purposes of visualization, only 1 hemisphere is shown for each monkey). Black lines identify the recording sites (projected onto the brain surface) for each sample neural signal shown. Left: spectrograms of local field potential (LFP) power simultaneously recorded from example sites on day 159 of the implant, during performance of a joystick task, in which monkeys made three sequential joystick movements as instructed by visual cues. Spectrograms are aligned in windows on the following task events: trial start (E), cues onset (C), 1st-3rd joystick movement onset (M1-3) and reward delivery (RWD). The brain structure and electrode number are listed above each spectrogram. Power at each frequency indicated by color ranging from blue (Ϫ5 dB) to red (5 dB). Right: feature plots and average waveforms of units simultaneously recorded from the example sites on implant day 126, during performance of an oculomotor scan task, in which monkeys freely scanned visual targets to find the baited one. Feature plots show first principal component vs. peak-valley amplitude. Average waveforms are 1 ms in duration, and shading indicates Ϯ3 SD. mPFC, medial prefrontal cortex; pSMA, presupplementary motor area; PMd, dorsal premotor cortex; SEF, supplementary eye fields; FEF, frontal eye fields. Spectrograms follow same conventions as in Fig. 3 . Day of implant, session-to-session change in depth and brain structure shown for each recording site (s, m, d indicate superficial, middle and deep layers of cortex, respectively). C: peri-event time histograms of single-unit spiking activity recorded in 3 sessions at 3 depths from an electrode targeting the CN in the right hemisphere (monkey G, implant 1, oculomotor scan task). Each row shows data from a single session and recording depth (implant day, number of trials, and change in depth shown). ACC, anterior cingulate cortex; PM, premotor cortex; WM, white matter; ITI, intertrial interval. relation values between "different" units were obtained by correlating all units on each electrode with all units recorded on the other electrodes during the same recording session. Correlation values for "same" units were obtained by dividing each recording session into halves (by time) and then correlating the mean-subtracted, variancenormalized waveforms for the first half and second half for each electrode.
RESULTS
Reconfigurable chronic electrode implant system. We designed and implemented the ChIME system to obtain simultaneous recordings of neural activity from multiple, individually movable microelectrodes chronically implanted in cortical and subcortical structures of the primate brain. The key components of the ChIME system are compact screw-based microdrives that can be placed in nearly any configuration on a grid (Fig. 1) . Improving upon the concept of the widely used (Pasupathy and Miller 2005) methods of Crist, Wurtz, and colleagues (Crist et al. 1988; Nichols et al. 1998) for acute, single-electrode recordings, the ChIME microdrives employ a novel mechanism that maximizes the density of independently movable electrodes. The grid can be inserted into a plastic chamber fixed to the skull to deliver electrodes to the underlying brain. Structural MRIs are used ( Fig. 2A) to confirm the location of the grid holes relative to the target regions in the brain. We describe here the use of the system based on results from 16 implants of electrodes placed in cortical and subcortical sites in seven monkeys (Table 1) . Preliminary experimental results based on the use of pilot versions of the ChIME system have been published elsewhere (Fujii and Graybiel 2005; Fujii et al. 2007 ).
Microdrives loaded with three, six, or nine individually movable electrodes were placed on a grid within the chamber, and the electrodes were lowered into the brain in a single implant procedure (see MATERIALS AND METHODS). Subsequently, across multiple daily sessions, the electrodes were advanced to their intended target sites. The depth of each electrode was controlled by turning the microdrive screw (158.75 m/turn) to which it was attached. Implants were left in place for periods of weeks to months, during which the depths of individual electrodes were continually adjusted (maximum travel distance: 13 mm from initial implant depth). Following completion of the recordings, histological analysis was performed to reconstruct the locations of the electrodes (Fig. 2, B-D) .
Simultaneously recorded neural activity from multiple cortical and subcortical sites. To test the ChIME system, we have used implants ranging in size from 27 to 127 electrodes and lasting from 22 to 365 days. In each implant, single-unit spike activity and LFPs were recorded simultaneously from electrodes implanted in 6 -14 brain structures bilaterally, including medial prefrontal cortex (mPFC), dlPFC, FEF, supplementary eye fields (SEF), M1, premotor cortex (PM), SMA, pSMA, ACC, CMA, orbitofrontal cortex, parietal cortex, CN, Put, globus pallidus, thalamus, and amygdala. Recording sessions occurred on up to 59% of the days an implant was in place. In a single session, up to 57 electrodes recorded unit activity simultaneously along with 84 LFP signals. Under the constraints of the data-acquisition system that we used, when Fig. 5 . Implant quality measures. A: mean yield over recording time across implants. The fraction of electrodes that recorded unit activity out of the total number of electrodes averaged over 16 implants in 7 monkeys. All electrodes were implanted in the brain on day 0. As not all implants have a yield measurement for each day of the implant (see Fig. 6 ), the mean yield (Ϯ SE) is shown for the pool of available data in 5-day bins. B: histogram of the signal-to-noise ratio (SNR) for all units recorded in 3 example sessions from monkey G, implant 1, which was in place for a total of 168 days. C: distribution of r values resulting from measuring the similarity of average waveforms pooled for 3 example sessions (days 44, 80, and 140 as in B) . Same unit similarity was measured between the average waveforms of the first half vs. the second half of the session it was recorded in. Different unit similarity was measured between all pairs of units recorded on different electrodes within the same session. fewer units were recorded, up to 127 LFPs were recorded simultaneously.
We used the ChIME system to record neural signals simultaneously from several neocortical and subcortical regions participating in widely distributed brain networks. The left half of Fig. 3 gives examples of LFPs recorded simultaneously from the left hemisphere of a bilateral implant in monkey H, showing different activity patterns across seven regions, during performance of a joystick movement task. The right half of Fig.  3 shows examples of unit activity recorded simultaneously from the right hemisphere of a separate implant in monkey G, during performance of an oculomotor scan task. For each implant, all of the recording sites were accessed through a single craniotomy and grid.
Session-to-session adjustment of depths of individual electrodes. We have found that electrode depths can be adjusted either immediately before a recording session or on a previous day. Manipulating the depths of individual electrodes at different times enabled us to monitor activity from different combinations of sites within multiple regions across the recording sessions performed during a single implant (Fig. 4A) . The vertical travel of the microdrives (up to 13 mm) enabled individual electrodes to progress through multiple brain structures over the course of a single chronic implant (Fig. 4B) . Within a given brain structure, it was possible to record from sites at which neurons exhibited different activity profiles along a single track (Fig. 4C) .
We defined the yield in each recording session as the fraction of electrodes that recorded single-unit activity Muthuswamy et al. 2011; Ward et al. 2009 ). The average yield over all sessions was 31% (mean yield, Table 1 ), but the yield varied from implant to implant, ranging from 18 to 65%. The yield averaged across all implants decreased over months (Fig. 5A) although the time course of the yield differed across implants (Fig. 6) . Implants with fewer electrodes and of shorter durations were associated with higher yields (Fig. 6 , right vs. left; note difference in vertical scale). In most implants the yield converged within a few weeks to the overall mean value (31%). Our definition of the yield is conservative, capturing only the proportion of implanted electrodes that had single-unit activity on them, without attempting to differentiate multiple clusters recorded on the same electrode. To get a better sense of the numbers of resolvable single units recorded with the ChIME system, we also computed the yield in terms of the proportion of distinct single units per electrode for three implants in two monkeys (Fig. 6, B, C, and I, gray lines) . The resulting yield in units matched or exceeded the results from the analysis based on our more conservative definition. We further analyzed the SNR of the waveforms of the single units recorded in three sessions. We found that all of the clusters had an SNR Ͼ2, which, using a previously published categoriza- Fig. 6 . Yield of individual implants across recording sessions. All electrodes were implanted in the brain on day 0. The number of electrodes in each implant (n) is noted in each panel. Vertical scales in the left column (A-H) are approximately half of those in the right column (I-P), to better illustrate differences in yield over time for those implants that had a lower maximum yield. The implants with shorter durations and smaller numbers of electrodes had higher maximum yields. Black lines: fraction of electrodes with recorded unit activity out of the total number of electrodes in each of 16 implants. Gray lines: number of isolated single units divided by the number of implanted electrodes targeting the FEF and CN (B, C, and I) .
tion procedure (Suner et al. 2005) , suggested that all of the units could be classified as "good" or "fair", as opposed to "poor" (Fig. 5B ). For the same three sessions, we also analyzed the stability of recorded unit activity by computing the similarity of waveforms (Jackson and Fetz 2007) in the first and second halves of the session. Over 99% of the units were stable across time within individual recording sessions (Fig. 5C, r Ն  0.98) .
To investigate the time course of the yield in individual implants, in each recording session of two monkeys (H and J, 5 implants total), we classified the electrodes that recorded unit activity into two groups: electrodes that had recorded units in the preceding session and electrodes that had not (Fig. 7) . These two groups both contributed persistently to the yield over the course of each implant. Of the electrodes that recorded at least one unit in a given session, 35 Ϯ 18% (mean Ϯ SD unless otherwise noted) recorded new unit activity; that is, they had not recorded any units in the previous session (means for each implant in monkey H: 43 Ϯ 16%, 35 Ϯ 21%, and 44 Ϯ 12%; in monkey J: 25 Ϯ 13% and 32 Ϯ 20%).
The emergence of new activity on many electrodes represents a key advantage of the ChIME system over immovable multielectrode arrays. New unit activity can, in principle, emerge spontaneously in experiments using immovable multielectrode arrays, but the percentage of new units appearing in immovable-array implants is likely low, as the electrodes cannot be moved to new sites. In implants using the ChIME system, by contrast, a substantial proportion of the recorded activity was due to new unit activity, which continued to arise for several months. The most likely reason for this is that the electrodes were moved, as others have shown using short-term implants of small numbers of movable electrodes (Cham et al. 2005; Muthuswamy et al. 2011) . We therefore assessed the effect of manipulating the depths of the implanted electrodes on the yield. Because all electrodes were moved at least once during the course of a given implant, we focused on electrodes that were moved immediately before a given recording session.
Here we present an analysis of data from monkey H, because session yields did not differ significantly across all three implants in this monkey ( 2 test, P Ͼ 0.5). Of the electrodes that recorded new unit activity in a given session, n, on average 37 Ϯ 32% had been moved since the preceding session, n Ϫ 1 (Fig. 7, A-C) . As this percentage varied with the rate at which electrodes were moved, it does not imply a causal relationship between moving electrodes and recording new unit activity. Focusing on the electrodes that had not recorded units in session n Ϫ 1, we asked whether moving them increased the likelihood of recording new units in the following session, n. In each of the three implants, we found that it did. Electrodes that had been moved were significantly more likely to record new units in the following session than electrodes that had not been moved ( 2 test, P Ͻ 10 Ϫ15 ). This comparison does not take into Fig. 7 . Yield dynamics across recording sessions. All electrodes were implanted in the brain on day 0. A-C: for each session of implants 1-3 of monkey H, the fraction of units recorded in session n are broken down into 3 categories according to the activity during preceding sessions (n Ϫ 1). Red: unit also recorded in session n Ϫ 1. Green: unit not recorded in session n Ϫ 1 and electrode was not moved before session n. Blue: unit not recorded in session n Ϫ 1 and electrode was moved before session n. D and E: same as A-C, except that the electrodes that did not record units on session n Ϫ 1 were not subdivided according to the movement of the electrodes. account the movement of electrodes in sessions n Ϫ 2 and earlier, and therefore likely underestimates the effect of moving electrodes on the yield. We examined the probability of obtaining unit activity only in the recording session immediately following a session in which an electrode was moved, and we did not take into account the cumulative effects of moving electrodes multiple times before new units were recorded, which likely give rise to most, if not all, of the new units (Fig. 7, green bars) .
Session-to-session stability of neural activity. We tested the ability of the ChIME system to record neural activity during Fig. 8 . Session-to-session stability of neural recordings. A: day of implant, mean wave shape (Ϯ3 SD) with inset of first principle component vs. peak-valley feature plot, autocorrelogram and perievent time histogram (PETH) aligned on the onset of visual targets (green line) for a single electrode targeting the CN in the chronic implant of monkey G during performance of the oculomotor scan task. Each row corresponds to a different recording session. Electrode was moved between day 88 and 106 and again between day 115 and 128. The reduction in phasic unit firing in the PETH on day 111 may be due to the introduction of a new visual task on that day. B: spectrograms from an electrode in the dlPFC of monkey H (implant 2) during performance of the joystick task. Aligning events are the same as in Fig. 3 . Responses from the middle layers of area 9/46 are shown in recording sessions spanning 92 days. Electrode was moved to the deeper layers of 9/46 between day 120 and 139.
consecutive sessions from multiple electrodes that were not moved in the interim (Fig. 8) . We analyzed the durations of such stretches of stable activity in six implants across three monkeys. On average, an electrode recorded unit activity in 2.1 Ϯ 2.8 consecutive sessions (3.9 Ϯ 8.5 days) without being moved. Stationary electrodes that recorded unit activity in at least two consecutive sessions recorded unit activity in a total of 4.2 Ϯ 4.1 consecutive sessions (9.7 Ϯ 12.8 days), on average. Not only did many electrodes retain unit activity across several days, but in some cases the activity recorded on a given electrode exhibited striking session-to-session similarities in wave shape, interspike interval distribution, and responses to behavioral task events (Fig. 8A, days 106-115) , attributes typically used to identify stable units (Jackson and Fetz 2007; Suner et al. 2005) . For the example shown in Fig.  8A , we computed the Pearson correlations between meansubtracted, variance-normalized waveforms recorded in separate sessions, as a quantitative measure of the similarity of the clusters (Jackson and Fetz 2007) . The correlations were 0.85, 0.96, and 0.98 between days 106 and 109, 109 and 112, and 112 and 115, respectively. The last of the three values is comparable to those reported for individual units within single sessions (Jackson and Fetz 2007, and our data presented above) . LFPs recorded from stationary electrodes also showed extraordinary stability over periods of several weeks to months ( Fig. 8B ; see also Fujii and Graybiel 2005, Fig . 4 ). When the electrodes were moved, the recorded spike and LFP signals changed noticeably (Fig. 4, B and C; Fig. 8A first and last day; Fig. 8B , last day) and the correlation values measuring the similarity of the wave shapes decreased, as well (0.82 for days 88 and 106, when the electrode moved 1.42 mm; and 0.72 for days 115 and 128, when the electrode moved 0.51 mm). This demonstrates that small changes in electrode depth could result in detectable changes in neural activity and suggests that the recordings made before moving the electrode were obtained from relatively small volumes of brain with similar functional properties.
Microstimulation and injection using the ChIME system. We have exploited the versatility of the ChIME system to incorporate electrical stimulation and pharmacological injection methods with chronic recordings of neural activity. In a subset of experiments, we tested for within-area modulation of spike activity using single-pulse electrical stimuli in the ACC. We found fixed, short-latency responses from multiple simultaneously recorded units in the ACC, indicating synaptic connectivity between sites targeted by the chronically implanted electrodes (Fig. 9) . The stimulation-evoked responses were sufficiently localized so that units recorded in the CMA did not respond to the ACC stimulation. Moreover, on electrodes that recorded multiple units in the ACC, not all single units exhibited a significant response ( Fig. 9A ) and stimulation artifact was easily discriminated from stimulation-evoked responses (Fig. 9, B and C) . In separate experiments, we used electrical stimulation to detect functional connectivity between brain regions. By stimulating at four sites in the dlPFC, we found differential modulation of the LFP activity recorded simultaneously at multiple sites in the CN (Fig. 10A) .
We have also begun to develop injection methods for use with the ChIME system. In pilot experiments, we recorded units in dlPFC and CN simultaneously and examined their responses to injections made in the CN. In the example shown in Fig. 10B , all four of the striatal units exhibited changes in firing rate, whereas none of the eight prefrontal units showed changes in firing rate for up to 10 min following the injection. This example demonstrates the possibility of using the ChIME system to perform pharmacological manipulations of subsets of recording sites in the context of an extended-duration implant. Stimulation and injection techniques can be used to search for and identify desired recording sites, as well as to record the neural and behavioral effects of localized electrical or pharmacological manipulations, making the ChIME system a powerful tool for studying the functions of brain circuits.
DISCUSSION
Large-scale simultaneous recordings from multiple superficial and deep brain structures test the limits of existing methods for extracellular recordings in alert nonhuman primates. We developed the ChIME system to meet this need. It is the first system to enable simultaneous recordings from tens and potentially hundreds of individually movable electrodes implanted chronically across several superficial and deep structures in the nonhuman primate brain. The most important advantage of the ChIME system is the opportunity it provides to sample neural activity at multiple depths chronically and flexibly. The ability to move individual electrodes can dramatically improve the yield of single units, as demonstrated by the comparison of the unit activity between electrodes that had or had not been moved across pairs of successive sessions. The single-unit yields in the initial recording sessions of each implant were similar to those reported for experiments using immovable electrode arrays, chronically implanted in multiple cortical areas (Chhatbar et al. 2010; Nicolelis et al. 2003) . However, the ability to move electrodes at will over the lifetime of the implant led to sustained yields over the long term, in marked contrast to the time-dependent deterioration of yields typically seen with immovable electrode arrays Muthuswamy et al. 2011 ). Fig. 9 . Cortico-cortical connectivity demonstrated by electrical stimulation in ACC. A: histograms of the spiking activity of single units recorded simultaneously from 8 chronically implanted electrodes in the cingulate cortex during 500 stimulation trials aligned on stimulation onset (bin width, 0.1 ms). Electrical stimuli were delivered between 2 chronically implanted electrodes in the ACC (bipolar microstimulation: anode and cathode indicated by ϩ and -, pulse width: 0.2 ms, current amplitude: 70 A). Of the 15 units simultaneously recorded in the ACC and cingulate motor area (CMA), 7 units showed significant responses to the stimulation (beyond the 99% confidence limits estimated from the prestimulation baseline firing rates) within 10 ms of the stimulus. B: unfiltered, inverted field potential recorded from ACC electrode 2 (shown in A), aligned on stimulation onset (time zero). The first 20 stimulation trials are shown (from top to bottom). An evoked field potential (framed by red rectangle) was consistently observed ϳ2.5 ms following the stimulation. The timing of the evoked potential was substantially more variable across trials than the stimulation artifacts were. The short-latency evoked potential shown was not observed on the other simultaneously recorded electrodes. Following the evoked potential, a significant increase in the spiking activity (shaded red rectangles) of 2 units was observed (from 1.8 Hz and 0.5 Hz prestimulation to Ͼ10 Hz poststimulation for both units). C: first (x-axis) and second (y-axis) principal components of the waveforms recorded with ACC electrode 2 formed 5 distinct clusters: 2 single units (yellow and blue), 2 evoked potential shapes (green and red), and the stimulation artifact (black). The overlaid waveforms of each cluster are also shown. In addition to its critical effect on the yield, the independent manipulation of electrodes enabled recordings from different combinations of depths across the recording tracks of a single implant (Fig. 4 ). This cannot be done using silicon probes with multiple contacts, the distances between which are fixed (Kipke et al. 2003) . The ability to use the ChIME system to sample different combinations of recording sites day to day creates novel opportunities for recording neural activity across distributed corticosubcortical networks in the primate brain. This is a considerable advantage of the ChIME system over immovable arrays, which have not been used to study subcortical structures of the primate brain because of the potential for substantial damage to the overlying cortex and white matter. Such damage has been observed in the brains of cats ). Furthermore, whereas there is little control over the types of neurons recorded with immovable arrays, by adjusting the depths of electrodes independently with the ChIME system, neurons that are anatomically connected (as confirmed by microstimulation) or that belong to specific classes (based on physiological characteristics and responses) can be targeted and studied selectively. Taken together, the numerous advantages of the movable electrodes implanted with the ChIME system thus provide a unique opportunity to collect neural data for analyzing circuits spanning cortical and deep structures.
Existing recording methods share some, but not all, of the features of the ChIME system. Jackson and Fetz (2007) , and separately Wilson and colleagues (Sun et al. 2006) , used chronically implanted, independently movable electrodes in the nonhuman primate. However, these methods were designed for use only with a small number of electrodes and primarily in the freely moving monkey. A method by Merzenich and colleagues (deCharms et al. 1999 ) used 49 electrodes but to record from a single cortical area of nonhuman primates with brains considerably smaller than those of macaques. It is not clear whether or how any of these or similar methods (Galashan et al. 2011 ) could be used to record simultaneously from multiple structures in the macaque brain, as we have done using the ChIME system. Other chronic recording methods using movable microwires have been developed for nonprimate species, including rabbits (Swadlow et al. 2005 ) and rodents (Jog et al. 2002; Johnson and Welsh 2003; Yamamoto and Wilson 2008) . Adapting these methods to record from multiple cortical and deep structures in the macaque brain would require reducing the physical footprint of the microdrives substantially, as well as overcoming the challenge of traversing sulci with microwires, as opposed to the sharp microelectrodes used with the ChIME system.
Others have recorded neuronal activity in the monkey brain simultaneously from multiple structures (Buschman and Miller 2007; Hernandez et al. 2008; Pasupathy and Miller 2005) or from multiple sites within a single structure (Baker et al. 1999; Courtemanche et al. 2003; Gray et al. 2007 ) using acute methods, in which the electrodes were implanted daily. Recordings commenced within a few hours following electrode implantation, and the electrodes were extracted from the brain at the end of each recording session. These acute multielectrode methods require considerable preparation time before each recording session, constraining the duration and frequency of experimental sessions. These methods have additional drawbacks, including the difficulty of maintaining stable signals following the acute implantation of multiple electrodes in a confined region, an increased potential for tissue damage from repeated daily penetrations of the dura mater and brain, and the inability to track learning-related changes in the activity of a localized neural population across daily recording sessions. Most importantly, the maximum number of independently movable drives that can be implanted acutely is likely to be at least one order of magnitude smaller than what can be achieved with the ChIME system.
In our experiments using the ChIME system, the neural signals on many electrodes were stable across numerous sessions ( Figs. 7 and 8) . The durations of periods of stable activity recorded by individual electrodes were likely limited by the fact that most of the electrodes in an implant were moved periodically to sample new sites along each track. Moving electrodes could have reduced the stability of signals recorded on neighboring stationary electrodes. We suspect that the long-term stability of signals recorded with the ChIME system is due to the combination of continued growth of granulation tissue overlying the exposed dura mater within the chamber and to the multiple guide tubes stabilizing the dural surface. It is possible for the dura mater and overlying calvarium to regrow over the course of several weeks, providing even further stabilization of the electrodes. Indeed, we found evidence for dural adhesions to the guide tubes in at least one monkey that was perfused with the implanted electrodes left in place (see MATERIALS AND METHODS).
As signal quality was often maintained day to day, minimal prerecording preparation time was required, with the bulk of it spent adjusting electrode depths to improve single-unit isolation. On any given day, we only adjusted the depths of a fraction of the electrodes. With implants of greater numbers of electrodes, we moved electrodes only on nonrecording days. This made the system essentially "plug-and-play" on recording days, maximizing the length of recording sessions.
The number of electrodes used in our experiments to date has been limited only by the capacity of available dataacquisition systems. We have demonstrated the capabilities of the ChIME system using commercially available, epoxycoated tungsten or parylene-coated Pt/Ir microelectrodes, but we have successfully tested the use of microwire bundles to increase the density of recording sites by increasing the number of recording channels per track. These could be substituted by tetrodes, stereotrodes, or multicontact probes, all of which can be attached to a microdrive screw. The number of simultaneously recorded channels could also be increased by adding more microdrives, which can drive ϳ9 tracks per 30 grid holes, allowing up to ϳ450 tracks in a single implant (using a 40 mm ϫ 40 mm grid).
The flexibility of the ChIME system permits the incorporation of other methods in conjunction with electrode-based recordings. Electrical stimulation can be used to map the functional connectivity within and across brain regions over the course of a chronic implant ( Figs. 9 and 10A ). Microinjections can be made through the grid to perform pharmacological manipulations and anatomical labeling (Fig. 10B ). Fiber optics can be passed through the grid for use with optogenetic methods, which have recently been extended to the monkey brain (Diester et al. 2011; Han et al. 2009 ). With minor changes (e.g., replacing the microdrive screws with plastic ones), the ChIME system could also be used in paired record-ing and functional MR-imaging experiments. Using these and other innovative techniques with the ChIME system should make it possible to manipulate and record chemical, electrical, and optical signals in nearby tracks simultaneously over long periods of time, giving unprecedented insight into the circuitlevel functions of cortical and subcortical networks.
The gradual deterioration of signal quality is a challenge facing all chronic recording methods. The falloff in yield and accompanying increase in the impedance of many electrodes over the course of an implant has been attributed to the process of gliosis (Stice and Muthuswamy 2009 ). The ChIME system can be used to reduce the effects of gliosis by moving the electrodes. Nevertheless, in our experience, the SNR tended to degrade over the duration of the implant along with the proportion of well-isolated single units. Using Pl/Ir electrodes, we have been able to reduce electrode impedances by stimulating frequently to "clean" the electrode tips (Otto et al. 2006 ). The stimulation paradigm effectively reduced even high impedances (Ͼ2 MOhm) to preimplant levels. However, stimulation typically did not lead to new unit activity unless the electrodes were subsequently moved.
A potential drawback of the ChIME system, shared by other implant systems, is that the approach of some of the electrodes is not orthogonal to the cortical surface (Fig. 2D ). This can present a challenge for targeting some cortical areas. When necessary, we have addressed this issue by implanting some chambers above a single hemisphere, targeting structures along up to 50 mm of the anterior-posterior axis. This orients most of the grid in parallel to the underlying cortical surface. We have also used smaller chambers (e.g., 30 mm ϫ 30 mm), placed at an angle and offset from the midline.
The ChIME system successfully resolves two major problems associated with current recording techniques: a low rate of data acquisition and the inability to measure the activity of many neurons simultaneously across superficial and deep brain structures. The main advantages of our system include the ability to sample from a variety of cortical and subcortical locations simultaneously, the possibility of changing the recording locations over days, the increased yield resulting from moving electrodes, the ability to sample activity from small volumes of brain with excellent stability over weeks, minimal daily preparation and maintenance, the ability to reimplant monkeys in the same or different brain regions, and the possibility of interfacing with a variety of electrodes and experimental techniques. These key features combine to make a powerful, simple to use, chronic recording system that we anticipate will contribute to an understanding of the function of multiple interacting circuits widely distributed across the brain.
